Peptostreptococcus anaerobius VPI 4330-1 was tested under various conditions for examination of the bactericidal effect of hydrogen peroxide. The cells were most rapidly killed by hydrogen peroxide when they were in the exponentialgrowth phase. Cooling or starving the cells decreased the bactericidal effect of hydrogen peroxide. The ionophore nigericin and the metal ion chelating agent 2,2'-bipyridine stopped macromolecular syntheses and greatly decreased the bactericidal effect of hydrogen peroxide. The ionophore valinomycin and the glycolytic inhibitor iodoacetate also stopped the syntheses of the macromolecules but only slightly decreased the bactericidal effect of hydrogen peroxide. Novobiocin, an inhibitor of deoxyribonucleic acid gyrase, and chloramphenicol, an inhibitor of protein synthesis, were not able to decrease the bactericidal effect of hydrogen peroxide. These findings implicate metal ions and an active metabolism of the organism in the bactericidal effect of hydrogen peroxide.
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Living cells in an aerobic environment usually contain hydrogen peroxide in a concentration range of 10-9 to 10-7 M (8, 13, 19) . Some cells may produce toxic levels of hydrogen peroxide. T-lymphocyte cytotoxicity to mastocytoma cells is mediated by hydrogen peroxide (23) . Activated macrophages, as well as granulocytes, can rapidly lyse various types of cultured fibroblasts, and the cytotoxic mediator is thought to be hydrogen peroxide (18) . Of anaerobic bacteria isolated from clinical infections, peptostreptococci are among the most sensitive to an aerobic environment (2, 6, 22) . The toxic effect of the aerobic conditions is mediated by hydrogen peroxide (10) . Peptostreptococcus anaerobius is killed within minutes when stored in a medium in which 10-9 mol of hydrogen peroxide per ml is produced owing to autoxidation of medium components (7) . Very little is known, however, about how hydrogen peroxide induces damage in living cells and under what conditions living organisms are susceptible to hydrogen peroxide. It has been observed that bacteria can be more susceptible to hydrogen peroxide in the exponential-growth phase than in the stationary phase (3) and that a recA-dependent synergistic killing of Escherichia coli effected by low concentrations of hydrogen peroxide (c6 x 10-4 M) and near-ultraviolet light is highly growth phase dependent (12) . We inhibited the metabolism of P. anaerobius in various ways to determine the conditions under which hydrogen peroxide is toxic.
MATERIALS AND METHODS
Bacterial strain and growth conditions. P. anaerobius VPI 4330-1 (ATCC 27337) was kept on blood agar medium at 4°C under anaerobic conditions in a glove box with an atmosphere of 10% H2 and 5% CO2 in nitrogen (24) . All were diluted in dilution blank solution at 0, 28, and 37°C to about 2 x 103 cells ml-'. The cells were exposed for 2 min to 20 yIM hydrogen peroxide at 2 min after the start of the dilution procedure. Samples (0.1 ml) were taken, and the cells were cultured on the surface of duplicate blood agar plates for determination of the surviving fractions. To test the effect of starvation, we diluted the cells to about 2 x 104 cells ml-' in dilution blank solution. At 10-min intervals, portions of the suspension were diluted to about 2 x 103 cells ml-', and the cells were exposed to 20,M hydrogen peroxide for 2 min. The surviving fractions were determined as described above.
Bactericidal effect of hydrogen peroxide after metabolic inhibition. Cultures of P. anaerobius were diluted in dilution blank solution containing metabolic inhibitors to about 2 x 107 cells ml-'. After a 30-min treatment with an inhibitor, the cells were exposed to 45 ,uM hydrogen peroxide for 10 min. Samples (0.1 ml) for determination of the surviving fraction were diluted in dilution blank solution containing 40 ,ug of catalase per ml. Cells in the stationary phase were taken from an overnight culture, diluted 10-fold in dilution blank solution, and exposed to 45 ,uM hydrogen peroxide for 10 min. The surviving fraction was determined as described above.
Measurement of macromolecular syntheses.
Cultures of P. anaerobius were diluted 10-fold in peptone-yeast extract-glucose broth (37°C) containing thymidine (5 ,ug ml-'), deoxyadenosine (250,g ml-') (inhibitor of thymidine phosphorylase [20] ), and
(15 uCi ml-'), or [5-3H] uridine (5 ACi ml-').
The culture was then grown to a density of 2 x 108 cells ml-' and diluted to 2 x 107 cells mln-in dilution blank solution (37°C) containing one of the aforementioned isotopes. Samples (0.1 ml) were taken out from the dilution blank solution after 2, 5, 15, 30, and 40 min and added to 2 ml of cold 10% trichloroacetic acid containing 100 jig of unlabeled thymidine, L-alanine, or uridine per ml. The trichloroacetic acid-precipitable radioactivity was filtered through a Whatman glass microfiber filter GF/C (2.4-cm diameter) and washed five times with cold 5% trichloroacetic acid containing 100 ytg of unlabeled thymidine, L-alanine, or uridine per ml; then it was washed with acetone. Radioactivity on dry filters was determined in 5 ml of OCS scintillation fluid in an Isocap 300 liquid scintillation system (Nuclear-Chicago).
RESULTS When a culture of P. anaerobius in the exponential-growth phase was diluted to a concentration of 2 x 103 cells ml-' and the organisms were starved in the dilution blank solution at 37°C, the bactericidal effect of hydrogen peroxide gradually decreased. Initially, more than 95% of the cells were killed after a 2-min exposure to 20 ,LM hydrogen peroxide (Fig. 1) , and after 1 h of starvation, the majority of the cells survived. When the temperature of the dilution blank solution was kept at 28°C, fewer cells were killed, and when the cells were cooled to 0°C, they were completely protected from the bactericidal effect of 20 ,IM hydrogen peroxide (Fig. 1) .
These results indicated that the bactericidal effect of hydrogen peroxide might have been dependent on some active metabolic process; therefore, the bactericidal effect of hydrogen peroxide was tested in the presence of various metabolic inhibitors.
To The bactericidal effect of hydrogen peroxide was not influenced by concentrations of chloramphenicol (Table 1) , which stopped protein synthesis (Fig. 2) , or by concentrations of novobiocin, which decreased the rate of deoxyribonucleic acid (DNA) replication by 50% (see Fig.  4 ). DNA synthesis was not inhibited by nalidixic acid, which confirmed the finding that anaerobic (5) . The syntheses of protein (Fig. 2) , ribonucleic acid (RNA) (Fig. 3) , and DNA (Fig. 4) (Fig.  2 through 4) . Nigericin was the most efficient protecting agent of the three. The metal ion chelator 2,2'-bipyridine totally abolished the bactericidal effect of hydrogen peroxide (Table  1) and blocked macromolecular syntheses (Fig.  2 through 4) . The inhibitors were used at concentrations which inhibited the actual metabolic process without inflicting irreversible damage to the organism. For that reason, we were unable to use the RNA polymerase inhibitor rifampin (6 Mg ml-'), the membrane-bound adenosine triphosphatase inhibitor bathophenantroline (5 MM), and the ionophore carbonyl cyanide mchlorophenyl hydrazone (50 MuM), which were toxic at physiologically active concentrations.
When organisms in the stationary-growth phase were exposed to hydrogen peroxide, a decreased bactericidal effect of hydrogen peroxide was obtained, compared with the effect achieved when organisms in the exponentialgrowth phase were exposed. As many as 25% of the organisms survived the 10-min exposure to 45 AM hydrogen peroxide.
DISCUSSION
Hydrogen peroxide has various toxic effects on living cells. The cell membrane can be damaged, many enzymes can be inactivated, and nucleic acids can be degraded (17) , but these effects usually only occur at significantly higher concentrations than those used in the study reported here.
It has recently been demonstrated that a primary target of hydrogen peroxide toxicity in living cells can be the DNA molecule. Both in human cells (11) and in E. coli (1), hydrogen peroxide induces DNA single-strand breaks. It is known from in vitro studies that hydrogen peroxide itself is quite unreactive, and many of its biological effects can be ascribed to its capacity to generate hydroxyl radicals (9, 10 (3) , 500 M 2,Z-bipyridine (4), 20 pLM valinomycin (5), 1 ,AM nigericin (6), 2 mM iodoacetic acid (7), 100jug ofchloramphenicolper ml (8) , none at 28°C (9), none at 0°C (10 (16) or bleomycin (4) . The function of these substances is to coordinate the DNA molecule, a transition metal ion, and a reducing agent into a structure which generates hydroxyl radicals from hydrogen peroxide. The role of the reducing agent is to rereduce the metal ion after it has been oxidized by hydrogen peroxide. These series of events may also occur in living cells. Hydrogen peroxide diffuses into the cells (9) and reaches the DNA molecule which is usually associated with metal ions (21) . The (2) , 100 pg ofnalidixic acid per ml (3), 500 pM 2,2'-bipyridine (4), 20 LM valinomycin (5), 1 MAM nigericin (6), 2 mM iodoacetic acid (7) , 100 ug of chloramphenicol per ml (8) , none at 28°C (9), none at 0°C (10) . A specific inhibition of DNA or protein synthesis by novobiocin or chloramphenicol, respectively, did not influence the bactericidal effect of hydrogen peroxide. Iodoacetate and nigericin were equally efficient in inhibiting the syntheses of the macromolecules, but nigericin decreased the bactericidal effect of hydrogen peroxide significantly more than did iodoacetate. These findings indicated that continuous syntheses of DNA, RNA, and protein were not prerequisites for a bactericidal effect of hydrogen peroxide.
The actual site of cell damage was not established in the present study; however, it is now clear that the bactericidal effect of hydrogen peroxide is ultimately dependent on the metabolic state of the organism.
